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Kinetic modelQb replicase is an RNA-dependent RNA polymerase, which synthesizes the complementary RNA
using a single-stranded RNA as a template. The formation of non-replicable double-stranded RNA
(dsRNA) by hybridization between newly synthesized RNA and the template RNA hinders the
broader application of Qb replicase. Here, we developed a kinetic model of Qb RNA replication con-
sisting of two reaction pathways of dsRNA formation, which quantitatively explains the dynamics of
dsRNA formation of three template RNAs. We also found that part of the Qb phage genomic RNA
sequence including the central hairpin loop signiﬁcantly decreases the rate of dsRNA formation.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Although Qb replicase can use any RNA with a CCC sequence atThe RNA-dependent RNA polymerase Qb replicase is responsible
for replication of the genome of bacteriophage Qb, one of the sim-
plest positive-stranded RNA viruses identiﬁed to date [1]. The active
formof Qb replicase is a heterotrimer composed of a phage-encoded
b-subunit andhost-encodedelongation factor Tu (EF-Tu) and Ts (EF-
Ts) [2]. The replicase binds to the 30-end of the template RNA and
synthesizes the complementary strand, which also serves as the
template for the next round of RNA synthesis [3]. In the presence
of excess Qb replicase, some RNAs, such as Qb genomic RNA and
small RNAs called RQ RNAs (Replicable by Qb replicase, e.g., MDV-
1 and RQ 135) [4,5], are replicated exponentially in an autocatalytic
manner without any primers [3,4]. Due to this unique activity, Qb
replicase has been used in several applications, such as RNA ampli-
ﬁcation [6], RNAvirus detection [7], detection of RNA recombination
[8], amodel systemof Darwinian evolution [9], a biological example
of ahypercycle [10], andagene replicationcomponentof anartiﬁcial
cell model [11–14].its 30-terminus as a template and synthesize the complementary
RNA [15–17], most RNAs, especially heterologous RNAs, do not
replicate exponentially due to the hybridization of the template
with the newly synthesized complementary strand. The dsRNA
molecules thus formed cannot be used as templates for the next
round of replication [18–24]. Therefore, if the ratio of dsRNA in
the replication product exceeds 50%, the RNA does not replicate
exponentially [25]. This dsRNA formation restricts production of
exponentially ampliﬁable RNA species, and therefore hinders the
broader application of the replicase.
The mechanism of dsRNA formation has been studied using
small non-coding RQ RNAs (usually 70–220 nt in length) and at
least two distinct dsRNA formation pathways have been proposed
[25]; the ﬁrst involves formation of dsRNA between a template
RNA and newly synthesized RNA during the replication process,
while the second involves dsRNA formation through the collision
of free complementary strand RNA independent of replication.
However, the kinetics of dsRNA formation for long RNAs
(>1000 nt), including Qb genomic RNA, has not been analyzed
quantitatively due to the lack of kinetic modeling studies. There-
fore, it is still unclear whether these two pathways sufﬁciently
explain dsRNA formation, and whether differences in RNA se-
quence affect the rate of dsRNA formation through these
pathways.
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understood. This category of RNA includes Qb genomic RNA and
some artiﬁcially constructed template RNAs encoding several
types of protein [26,27]. Several problems remain to be resolved
regarding dsRNA formation of long RNAs. For example, in contrast
to Qb genomic RNA, which shows low levels of dsRNA formation
[28], most artiﬁcially constructed long RNAs show high levels of
dsRNA formation resulting in non-exponential replication
[26,27]. The mechanism underlying this difference in dsRNA for-
mation is unknown. Moreover, translation of the RNA and the pres-
ence of ribosomal protein S1 were reported to reduce the extent of
dsRNA formation [27,29]. Therefore, a kinetic model that is appli-
cable to long RNAs is required to achieve a precise understanding
of Qb genomic RNA replication and further development of appli-
cations for Qb replicase.
In the present study, we constructed a kinetic model of dsRNA
formation during long RNA replication by Qb replicase, and per-
formed kinetic analysis of the RNA replication using two artiﬁcial
template RNAs and Qb genomic RNA, which show different ratio
of dsRNA to total synthesized RNA during RNA replication. Our ki-
netic model quantitatively explains the kinetics of dsRNA forma-
tion of these long RNAs.
2. Materials and methods
2.1. Plasmid construction
The plasmid SKQb [30] was used to produce Qb phage genomic
RNA. The plasmid pUC-MDV()b(+) [31], which was used to pro-
duce MDV()b(+) RNA, was constructed by inserting the fragment
containing the Qb replicase b-subunit sequence into the BglII sites
of pUC-MDVminus containing the complementary MDV-poly se-
quence [13,14] (Fig. 1a). The plasmid pUC-U1 was used to produce
U1 RNA, and was constructed by insertion of the cDNA fragment of
the Qb phage genome (nucleotides 1404–2352) into pUC-
MDV()b(+). The cDNA fragment was prepared by PCR using pri-
mer 1 (50-ATGTCTAAGACAGCATCTTCGCGTAACTC-30) and primer
2 (50-GAGGAGATCTCGAGGCCTGCTAG-30) and the plasmid SKQb
as the template, and inserted between the 50-MDV-poly and Qb
replicase b-subunit coding sequences of pUC-MDV()b(+) using
an In-Fusion PCR cloning kit (Takara, Shiga, Japan) according to
the manufacturer’s instructions (Fig. 1a).
2.2. Preparation of template RNAs
Template RNAs were prepared by in vitro transcription from
plasmid DNA linearized with SmaI (Toyobo, Osaka, Japan) using
T7 RNA polymerase (Takara) according to the manufacturer’s
instructions. Subsequently, DNA was digested with DNase I (Taka-
ra). RNA was puriﬁed with an RNeasy mini kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions and eluted in
distilled water.
2.3. Measurement of newly synthesized single- or double-stranded
RNA concentrations
The replication reaction was carried out at 37 C by adding tem-
plate RNA and puriﬁed Qb replicase to the amino acid-free cell-free
translation system (PURE system) [26,32]. Qb replicase was puri-
ﬁed as described previously [30,31]. The replicase protein in our
puriﬁed replicase solution was not 100% active, and the fraction
of active Qb replicase (0.16) was measured as described in our pre-
vious report [31]. The amounts of synthesized RNA were measured
by incorporation of [32P]-UTP during synthesis and measurement
of the band intensity on agarose gel electrophoresis in TBE buffer
at 4 C. After electrophoresis, gels were dried and radiolabelednewly synthesized RNAs were detected by autoradiography with
Typhoon FLA 7000 (GE Healthcare, Little Chalfont, UK) and quanti-
ﬁed using ImageQuant software (GE Healthcare). The radioactivity
levels of newly synthesized RNA were converted to concentrations
by comparison with the radioactivity of UTP solution used in the
experiment, the total UTP concentration of which was determined
as follows. The UTP solution was prepared by mixing radioactive
UTP of unknown concentration with excess non-radioactive UTP
of known concentration. The total UTP concentration of this solu-
tion was almost the same as the non-radioactive UTP concentration
because the concentration of radioactive UTP was negligible (less
than 1/1000) compared to total non-radioactive UTP concentration.
2.4. Kinetic model of double-stranded RNA formation during long RNA
replication by Qb replicase
Inactive dsRNA molecules can be generated during RNA replica-
tion by two distinct routes (Fig. 2a). In Reaction 1, dsRNAs are gen-
erated in positive-strand RNA-replicase complex, while in Reaction
2, dsRNA molecules are formed by collision between the newly
synthesized negative-strand RNA and positive-strand RNA. In this
study, the production of positive-strand RNA was ignored because
externally added positive-strand RNA was present in excess over
newly synthesized negative-strand RNA (added positive-strand
RNA/newly synthesized RNA molar ratio >10 (see Fig. 3b) and
therefore all replicase molecules were expected to bind to the po-
sitive-strand RNA to synthesize negative-strand RNA. Assuming
that the binding of replicase to RNA is in equilibrium, the concen-
trations of negative-strand RNA in ssRNA or dsRNA can be written
as follows (see Supporting Information for derivations):
d½ðÞRNA
dt
¼ kss½ðþÞRNAt½Rept
K1 þ ½ðþÞRNAt
 kcol½ð  ÞRNA½ðþÞRNAt
d½DS
dt
¼ kds½ðþÞRNAt½Rept
K1 þ ½ðþÞRNAt þ kco1½ðÞRNA½ðþÞRNAt
where [()RNA], [Ds], [(+)RNAt], and [Rept] represent the concen-
trations of single- or double-stranded newly synthesized nega-
tive-strand RNA, total positive-strand RNA, and total replicase,
respectively. The rate constants were as shown in Fig. 2a. Simula-
tions of RNA synthesis were performed using these equations and
initial [(+)RNAt], [()RNA], and [Rept] concentrations of 100, 0,
and 1.6 nM, respectively.
Furthermore, as the concentration of template RNA was
100 nM, which was sufﬁcient to reach the maximum replication
rate in most of the experiments (i.e., K1  [Pt]), the equations can
be solved as follows:kcol–0;
½ðÞRNAt ¼ ð1 e
kcol ½ðþÞRNAt tÞkss½Rept
kcol½ðþÞRNAt ð1Þ
½Dst ¼ ðkss þ kdsÞ½Rept t  ½ðÞRNAt ð2Þ
kcol ¼ 0; ½ðÞRNAt ¼ kss½Reptt ð10Þ
½Dst ¼ kds½Reptt ð20Þ
Eqs. (1) and (2) were used for curve ﬁtting in Figs. 3b and 4a.
Following these equations, the ratio of dsRNA to total synthe-
sized minus RNA can be written askcol ¼ 0;
dsRNA ratio ¼ 1 ð1 e
kcol ½ðþÞRNAt tÞkss
ðkss þ kssÞkcol½ðþÞRNAtt
ð3Þ
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Fig. 1. (a) Schematic representation of RNAs. MDV()b(+) RNA carried the gene encoding the b-subunit of Qb replicase. U1 RNA was constructed by insertion of part of the
readthrough gene region of the Qb phage genome into MDV()b(+). The structure of the Qb phage genome is shown schematically at the bottom [41]. (b) Single- and double-
stranded RNA synthesis of MDV()b(+) and U1. Replication with 10 nM Qb replicase was carried out in an amino acid-free cell-free translation system (ribosome
concentration: 3000 nM) containing [32P]-UTP with 100 nM MDV()b(+) or U1. Synthesized single- and double-stranded RNA levels were measured by agarose gel
electrophoresis followed by autoradiography. The ratios of double-stranded RNA to total newly synthesized RNA are indicated at the bottom.
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dsRNA ratio ¼ kdsðkss þ kdsÞ
ð30Þ
This equation was used to simulate the dsRNA ratio in Figs. 3c and
4b.
From the above equations, total RNA synthesis, which is the
sum of the amounts of ssRNA and dsRNA synthesis, can be written
as
½ðÞRNAt þ ½DSt ¼ ðkss þ kdsÞ½Reptt ð4Þ
This equation was used for curve ﬁtting in Fig. 3a.
All curve-ﬁtting procedures were performed using OriginPro
(OriginLab, Northampton, MA, USA) and other calculations were
performed with Mathematica (Wolfram Research, Champaign, IL,
USA).
3. Results
3.1. Template RNAs
To analyze the kinetics of dsRNA formation and construct a ki-
netic model of the mechanism of dsRNA formation, we prepared
two ampliﬁable RNAs, MDV()b(+) and U1, the replication prod-
ucts of which show different ratio of dsRNA to total synthesized
RNA, as template RNAs. MDV()b(+) was constructed previously
by insertion of the Qb phage genome sequence encoding the b-sub-
unit of Qb replicase into MDV-poly RNA [33], a derivative of ampli-ﬁable RNA MDV-1 (midivariant 1, a 218-nt ssRNA) [34] (Fig. 1a).
U1 RNA was newly constructed by inserting a partial sequence of
the readthrough protein of Qb phage genome into MDV()b(+).
MDV()b(+) and U1 were 2125 and 3035 bp in length, respectively.
The replication product of MDV()b(+) consisted mainly of dsRNA,
whereas that of U1 showed a lower ratio of dsRNA to total synthe-
sized RNA (Fig. 1b). These two template RNAs and Qb genomic RNA
(4217 nt) were used in the present study.
3.2. Kinetic model of double-stranded RNA formation
Previously, two distinct dsRNA formation reactions were pro-
posed for small RQ RNAs (<250 nt) [25]. In the ﬁrst reaction, dsR-
NAs are formed between template RNA and newly synthesized
RNA during the replication process. In the second reaction, comple-
mentary RNA strands in solution are hybridized through collision.
Our kinetic model consists of these two reactions (Fig. 2a).
In Reaction 1, template RNA (positive-strand RNA: (+)RNA)
binds Qb replicase (Rep) and forms a replication complex
((+)RNA-Rep). We assumed that this binding step is in equilib-
rium with a dissociation constant of K1. From the replication
complex, the single-stranded (ss) negative-strand RNA (()RNA)
or dsRNA is newly synthesized with the ﬁrst-order rate constant
kss or kds, respectively. Further reactions (e.g., replication using
()RNA) were neglected because the amounts of newly synthe-
sized RNAs were negligible compared to that of positive-strand
RNA added to the solution in all of the experiments in this
study.
(+)RNA + Rep (+)RNA-Rep )RNA + (+)RNA
DS
kss
kds
kcol
(a)
(b)
)RNA + (+)RNA DS
Reaction 1
Reaction 2
(c)
(d)
K1 
–(
–(
Fig. 2. Kinetic model and simulations. (a) Scheme of Qb RNA replication model. Nomenclature is as follows: positive-strand RNA ((+)RNA); replicase (Rep); positive-strand
RNA-replicase complex ((+)RNA-Rep); single-stranded newly synthesized negative-strand RNA (()RNA); newly synthesized double-stranded RNA (DS); dissociation rate
constant of positive-strand RNA with replicase (K1); synthesis rate constant of single- (kss) or double-stranded (kds) negative-strand RNA; hybridization rate constant between
()RNA and (+)RNA (kcol). In Reaction 1, replicase binds to positive-strand RNA to form positive-strand RNA–replicase complexes and synthesizes ssRNA and dsRNA. In
Reaction 2, dsRNA is generated by collision between ()RNA and (+)RNA. Here, we neglected the dissociation of dsRNA into single strands because dsRNA is
thermodynamically highly stable at 37 C. (b–d) Simulations of ssRNA or dsRNA synthesis or dsRNA ratio proﬁle. The values of kss (0.1 min1) and kds (0.05 min1) were the
same for all cases. Template RNA concentration was 100 nM. The replicase concentration was 1.6 nM. (b) Kinetics of ssRNA and dsRNA formation in the case of kcol = 0. (c)
Kinetics of ssRNA and dsRNA formation in the case of kcol = 0.001 nM1 min1. (d) Kinetics of dsRNA ratio in the case of kcol = 0 or kcol = 0.001 nM1 min1.
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sitive-strand and negative-strand RNAs by collision in solution.
Here, we assigned second-order rate constants for hybridization
between ()RNA and (+)RNA (Fig. 2a, Reaction 2), kcol. Based on
these reaction schemes, newly synthesized ssRNA and dsRNA are
formulated as shown in Eqs. (1) and (2), respectively, in Experi-
mental Procedures.
The model predicts that the kinetics of ssRNA and dsRNA syn-
theses change depending on the collision rate constants, kcol. To
clarify this point, we ﬁrst simulated ssRNA and dsRNA kinetics dur-
ing the RNA replication reaction with various kcol values. With a
kcol value of zero (i.e., dsRNAs are synthesized only in Reaction 1),
the levels of both newly synthesized ssRNA and dsRNA increased
linearly and the slopes were determined by kss and kds, respectively
(Fig. 2b). On the other hand, with non-zero values of kcol, the kinet-
ics of newly synthesized ssRNA and dsRNA showed convex and
concave curves, respectively, because newly synthesized ssRNA
(mainly minus-strand RNA) gradually hybridized with ss
positive-strand RNA to form dsRNA through Reaction 2 (Fig. 2c).The difference became clearer when the dsRNA ratio (i.e., the ratio
of dsRNA to total synthesized RNA) was plotted; with a kcol value of
zero, the ratio of dsRNA to total synthesized RNA was constant,
whereas the ratio of dsRNA to total synthesized RNA increased
over time with non-zero values of kcol (Fig. 2d).
3.3. Measuring the dsRNA kinetics
Based on these theoretical predictions, we experimentally ana-
lyzed dsRNA formation during RNA replication by Qb replicase
with two template positive-strand RNAs, i.e., MDV()b(+) and U1
(Fig. 1a). The level of newly synthesized RNA was determined by
monitoring the incorporation of [32P]-UTP. To facilitate kinetic
analysis, all experiments were performed under conditions where
the turnover of RNA replication was negligible. The replication
reaction was performed in the presence of excess positive-strand
RNA (100 nM) over Qb replicase (10 nM), so that most of the newly
synthesized RNA could be assumed to be negative-strand RNA. Sin-
gle- and double-stranded forms of negative-strand RNA were
(a)
(b)
(c)
Fig. 3. Time courses of ssRNA and dsRNA syntheses during RNA replication. Replication with 10 nM Qb replicase (16% active) was carried out in an amino acid-free cell-free
translation system (ribosome concentration: 3000 nM) with 100 nM MDV()b(+) or U1. (a) Time course of total RNA (ssRNA + dsRNA) synthesis. (b) Time course of ssRNA or
dsRNA synthesis. (c) Changes in the ratio of dsRNA to total synthesized RNA as a function of time. Experimental data are shown as dots and simulation results obtained using
Eq. (3) and the estimated kinetic parameters (Table 1) are shown as lines. The error bars indicate the standard deviations of two independent measurements. Some error bars
are smaller than the respective symbols.
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ported that the presence of translation factors, ribosomes, or ribo-
somal protein S1 reduced the proportion of dsRNA during Qb
RNA replication [27,29]. RNA replication was carried out in a
cell-free translation system [26,32] containing 3000 nM ribo-
somes to mimic the cellular conditions but with omission of
amino acids to inhibit translation. The presence of ribosomes
is important for the analysis of long template RNAs because
ssRNA synthesis was not observed in RNA replication in the ab-
sence of ribosomes (Fig. S1), consistent with the results re-
ported previously [27]. We measured the total negative-strand
RNA (ssRNA + dsRNA, Fig. 3a), ssRNA, dsRNA (Fig. 3b), and the
ratio of dsRNA to total synthesized RNA (Fig. 3c) for each tem-
plate RNA.
To evaluate the contributions of Reactions 1 and 2, we analyzed
the ratio of dsRNA to total synthesized RNA, which should be con-
stant in Reaction 1 but increase in Reaction 2 (Fig. 2d). The ratio ofdsRNA to total synthesized RNA of MDV()b(+) increased over
time (Fig. 3c, left), whereas that of U1 remained almost constant
(Fig. 3c, right), suggesting that dsRNA was generated by both Reac-
tions 1 and 2 for MDV()b(+), but predominantly by Reaction 1 for
U1.
For more quantitative analysis of the differences in mechanism
of dsRNA formation between MDV()b(+) and U1, the values of kss,
kds, and kcol were estimated by ﬁtting Fig. 3b with Eqs. (1) and (2)
(Table 1). These equations showed a good ﬁt to all of the data (lines
in Fig. 3). The ssRNA synthesis rate in Reaction 1 (kss) of U1 was 1.4-
fold higher than that of MDV()b(+), whereas dsRNA synthesis rate
in Reaction 1 (kds) and the collision rate in Reaction 2 (kcol) were 1.8-
and 20-fold lower than those of MDV()b(+), respectively. These
results indicated that the decrease in dsRNA ratio of U1 was due
to decreased dsRNA formation rates in both Reactions 1 and 2,
but mainly Reaction 2, indicating that the genome sequence in-
serted into U1 plays a role in decreasing dsRNA formation through
(a) (b)
Fig. 4. Qb phage genome ssRNA and dsRNA syntheses. Replication with 10 nM Qb replicase was carried out in an amino acid-free cell-free translation system (ribosome
concentration: 3000 nM) with 100 nM Qb phage genome RNA. (a) Time course of dsRNA (open circles) or ssRNA (closed circles) synthesis. (b) Changes in the ratio of dsRNA to
total synthesized RNA as a function of time. Experimental data are shown as dots and simulation results obtained using Eq. (3) and the estimated kinetic parameters (Table 1)
are shown as lines. The error bars indicate the standard deviations of two independent measurements. Some error bars are smaller than the respective symbols.
Table 1
Kinetic parameters of Qb RNA replication.
MDV()b(+) U1 Qb phage genome
kss (min1) (1.1 ± 0.2)  101 (1.5 ± 0.1)  101 (5.2 ± 0.1)  102
kds (min1) (1.0 ± 0.2)  101 (5.7 ± 0.9)  102 (1.7 ± 0.1)  102
kcol (nM1 min1) (3.6 ± 1.4)  104 (1.8 ± 4.3)  105 <2.4  107
The values are means ± standard errors. Representative data from two independent
experiments.
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by collision in solution.
We also tested the validity of this model for another template
RNA, i.e., the Qb phage genome. We measured the time course data
of dsRNA, ssRNA (Fig. 4a), and the ratio of dsRNA to total synthe-
sized RNA (Fig. 4b). The model explained the data well, indicating
that this model is applicable to this natural 4217-nt long RNA tem-
plate. The values of kss, kds, and kcol were estimated by ﬁtting Fig. 4a
with Eqs. (1) and (2) (Table 1). The synthesis rate of dsRNA (kds)
was approximately one third that of ssRNA (kss) in Reaction 1 and
the collision rate in Reaction 2 (kcol) was negligible.
In many previous studies [31,35,36], template RNAs were
heated and slow-cooled before use to allow uniform folding; how-
ever, these processes were not applied in our experiments to retain
the RNA folding produced during polymerization. To test the ef-
fects of the reannealing process on the results, we measured the
time course of dsRNA ratio with reannealed MDV()b(+)
(Fig. S2). The results were similar to those described above
(Fig. 3c), indicating that the effect of reannealing on the dsRNA
kinetics is negligible.
4. Discussion
In this study, we constructed a kinetic model that quantitatively
explains the dynamics of dsRNA formation during RNA replication
of long template RNAs by Qb replicase. This is the ﬁrst study to
investigate the kinetics of dsRNA formation of long RNAs, and it
provided two novel ﬁndings. First, although dsRNA formation has
been considered a serious problem for RNA replication [25,27],
the mechanism of dsRNA formation remained unclear. Here, we
showed that dsRNA formation can be explained quantitatively by
two distinct pathways, i.e., dsRNA formation during the replication
process (Reaction 1) and dsRNA formation by hybridization
through collision between newly synthesized negative-strandRNA and positive-strand RNA (Reaction 2). Second, the levels of
dsRNA formation by both reactions were reduced by insertion of
the part of the Qb genome sequence introduced in U1. These ﬁnd-
ings contribute to a detailed understanding of the mechanism of
RNA replication by Qb replicase and are also important for the
development of long template RNAs that can replicate exponen-
tially, which will be useful for increasing the range of applications
of this enzyme.
In this study, we constructed a new template RNA by inserting
part of the Qb phage genome sequence into MDV()b(+) RNA. The
resultant U1 RNA showed markedly decreased dsRNA ratio
(Fig. 1b) due to the slightly increased kss and decreased kds and kcol
(Table 1). These changes in parameters may have been because U1
can form stable secondary structures more rapidly than
MDV()b(+). Experiments using several structural methods,
including electron microscopy, chemical modiﬁcation, and enzy-
matic cleavage, have shown that Qb phage genomic RNA has a
number of structural domains [37]. The largest of the structures
is called the central hairpin, which includes part of the viral coat
gene, the entire readthrough gene, and part of the Qb replicase
gene [38], and is almost the same region as that inserted into U1.
Such hairpin structures have been reported to inhibit dsRNA for-
mation during RNA replication by Qb replicase [39]. Therefore,
the central hairpin structure may contribute to the suppression
of dsRNA formation in U1 and also in the Qb phage genome.
In Qb genomic RNA replication, ssRNA was preferentially syn-
thesized rather than dsRNA despite its larger size (4217 nt),
although the mechanism underlying this observation was unclear
[28]. The results of the present study indicated that dsRNA forma-
tion was suppressed by insertion of part of the Qb phage genome,
suggesting that this region of the Qb phage genome contains a
speciﬁc sequence that inhibits dsRNA formation during replica-
tion. Further studies focusing on this region are required to deter-
mine the mechanism responsible for the low dsRNA ratio of
phage genomic RNA. On the other hand, the value of kcol for the
Qb phage genome is more than 100-fold smaller than that of
U1 (Table 1). This result indicates that other regions of the Qb
phage genome have potential to prevent dsRNA formation by col-
lision. Mutation studies are required to determine the Qb phage
genome regions that contribute to prevention of double-stranded
RNA formation during Qb RNA replication. Prevention of dsRNA
formation is critically important not only for Qb phage, but for
all single-stranded RNA viruses. Due to its simplicity and
well-known characteristics, study of Qb replicase will be useful
to obtain basic insights into mechanisms for preventing dsRNA
formation.
K. Usui et al. / FEBS Letters 587 (2013) 2565–2571 2571In this study, we performed experiments in the presence of
ribosomes because ssRNA synthesis is barely detectable in their
absence (Fig. S1). The mechanism underlying the effect of
ribosomes on the decrease in dsRNA ratio is still unclear. To deter-
mine the mechanism, it will be necessary to expand this kinetic
model in future studies to take into consideration the effects of
ribosome concentrations on kinetic parameters and examine the
interactions between ribosomes and RNA from the perspective of
RNA sequence and secondary structure.
There are several ongoing projects to reconstruct the cellular
system from a set of deﬁned molecules to obtain a deeper under-
standing of the cellular system as well as gain insights into the ori-
gin of life. These studies utilize Qb replicase and its template RNA
as an artiﬁcial replication system for genetic information. How-
ever, this type of replication systemwas reported to have problems
associated with dsRNA formation [12,40]. To resolve these prob-
lems, it will be necessary to gain an understanding of the mecha-
nism of dsRNA formation and to establish a method to design
autocatalytically replicable RNAs with low dsRNA formation rates.
The present study demonstrated that it is possible to suppress
dsRNA formation during RNA replication by modiﬁcation of the
RNA sequence, although the mechanism underlying this effect re-
mains to be elucidated. Further studies will enable the develop-
ment of ampliﬁable artiﬁcial RNA genomes encoding any target
genes of interest.Acknowledgments
We thank Ms. Naoko Miki, Ms. Hitomi Komai, Ms. Tomomi
Sakamoto, and Ms. Mizuki Ohzawa for their technical assistance.
We are also grateful to Drs. Tetsuo Ichii and Kazufumi Hosoda
for helpful discussions.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
06.033.
References
[1] van Duin, J. and Tsareva, N. (2006) Single-stranded RNA Phages in: The
Bacteriophages (Calender, R., Ed.), 2nd Ed, pp. 175–196, Oxford University
Press, Oxford.
[2] Blumenthal, T. (1979) Qb RNA replicase and protein synthesis elongation
factors EF-Tu and EF-Ts. Methods Enzymol. 60, 628–638.
[3] Biebricher, C.K., Eigen, M. and Luce, R. (1981) Kinetic analysis of template-
instructed and de novo RNA synthesis by Qb replicase. J. Mol. Biol. 148, 391–
410.
[4] Haruna, I. and Spiegelman, S. (1965) Autocatalytic synthesis of a viral RNA
in vitro. Science 150, 884–886.
[5] Munishkin, A.V., Voronin, L.A., Ugarov, V.I., Bondareva, L.A., Chetverina, H.V.
and Chetverin, A.B. (1991) Efﬁcient templates for Qb replicase are formed by
recombination from heterologous sequences. J. Mol. Biol. 221, 463–472.
[6] Abramson, R.D. and Myers, T.W. (1993) Nucleic acid ampliﬁcation
technologies. Curr. Opin. Biotechnol. 4, 41–47.
[7] Tyagi, S., Landegren, U., Tazi, M., Lizardi, P.M. and Kramer, F.R. (1996)
Extremely sensitive, background-free gene detection using binary probes and
beta replicase. Proc. Natl. Acad. Sci. U.S.A. 93, 5395–5400.
[8] Chetverin, A.B., Chetverina, H.V., Demidenko, A.A. and Ugarov, V.I. (1997)
Nonhomologous RNA recombination in a cell-free system: evidence for a
transesteriﬁcation mechanism guided by secondary structure. Cell 88, 503–
513.
[9] Mills, D.R. (1967) An extracellular Darwinian experiment with a self-
duplicating nucleic acid molecule. Proc. Natl. Acad. Sci. U.S.A. 58, 217–224.
[10] Eigen, M., Biebricher, C.K., Gebinoga, M. and Gardiner, W.C. (1991) The
hypercycle. Coupling of RNA and protein biosynthesis in the infection cycle of
an RNA bacteriophage. Biochemistry (Mosc.) 30, 11005–11018.[11] Oberholzer, T., Wick, R., Luisi, P.L. and Biebricher, C.K. (1995) Enzymatic RNA
replication in self-reproducing vesicles: an approach to a minimal cell.
Biochem. Biophys. Res. Commun. 207, 250–257.
[12] Szostak, J.W., Bartel, D.P. and Luisi, P.L. (2001) Synthesizing life. Nature 409,
387–390.
[13] Kita, H., Matsuura, T., Sunami, T., Hosoda, K., Ichihashi, N., Tsukada, K., Urabe, I.
and Yomo, T. (2008) Replication of genetic information with self-encoded
replicase in liposomes. ChemBioChem 9, 2403–2410.
[14] Ichihashi, N., Matsuura, T., Kita, H., Hosoda, K., Sunami, T., Tsukada, K. and
Yomo, T. (2008) Importance of translation–replication balance for efﬁcient
replication by the self-encoded replicase. ChemBioChem 9, 3023–3028.
[15] Yoshinari, S. (2000) Internal and 30 RNA initiation by Qb replicase directed by
CCA boxes. Virology 271, 363–370.
[16] Tretheway, D.M., Yoshinari, S. and Dreher, T.W. (2001) Autonomous role of 30-
terminal CCCA in directing transcription of RNAs by Qb replicase. J. Virol. 75,
11373–11383.
[17] Brown, D. and Gold, L. (1995) Selection and characterization of RNAs
replicated by Qb replicase. Biochemistry 34, 14775–14782.
[18] Palmenberg, A. and Kaesberg, P. (1974) Synthesis of complementary strands of
heterologous RNAs with Qb replicase. Proc. Natl. Acad. Sci. U.S.A. 71, 1371–
1375.
[19] Obinata, M., Nasser, D.S. and McCarthy, B.J. (1975) Synthesis of probes for RNA
using Qb replicase. Biochem. Biophys. Res. Commun. 64, 640–647.
[20] Feix, G. and Hake, H. (1975) Primer directed initiation of RNA synthesis
catalysed by Qb replicase. Biochem. Biophys. Res. Commun. 65, 503–509.
[21] Vournakis, J.N., Carmichael, G.G. and Efstratiadis, A. (1976) Synthesis of RNA
complementary of rabbit globin mRNA by Qb replicase. Biochem. Biophys. Res.
Commun. 70, 774–782.
[22] Feix, G. (1976) Primer-dependent copying of rabbit globin mRNA with Qb
replicase. Nature 259, 593–594.
[23] Owens, R.A. and Diener, T. (1977) Synthesis of RNA complementary to potato
spindle tuber viroid using Qb replicase. Virology 79, 109–120.
[24] Nishihara, T., Mills, D.R. and Kramer, F.R. (1983) Localization of the Qb
replicase recognition site in MDV-1 RNA. J. Biochem. 93, 669–674.
[25] Priano, C., Kramer, F.R. and Mills, D.R. (1987) Evolution of the RNA coliphages:
the role of secondary structures during RNA replication. Cold Spring Harb.
Symp. Quant. Biol. 52, 321–330.
[26] Bansho, Y., Ichihashi, N., Kazuta, Y., Matsuura, T., Suzuki, H. and Yomo, T.
(2012) Importance of parasite RNA species repression for prolonged
translation-coupled RNA self-replication. Chem. Biol. 19, 478–487.
[27] Morozov, I.Y., Ugarov, V.I., Chetverin, A.B. and Spirin, A.S. (1993) Synergism in
replication and translation of messenger RNA in a cell-free system. Proc. Natl.
Acad. Sci. U.S.A. 90, 9325–9329.
[28] Urabe, H., Ichihashi, N., Matsuura, T., Hosoda, K., Kazuta, Y., Kita, H. and Yomo,
T. (2010) Compartmentalization in a water-in-oil emulsion repressed the
spontaneous ampliﬁcation of RNA by Qb replicase. Biochemistry 49, 1809–
1813.
[29] Vasilyev, N.N., Kutlubaeva, Z.S., Ugarov, V.I., Chetverina, H.V. and Chetverin,
A.B. (2013) Ribosomal protein S1 functions as a termination factor in RNA
synthesis by Qb phage replicase. Nat. Commun. 4, 1781.
[30] Kita, H., Cho, J., Matsuura, T., Nakaishi, T., Taniguchi, I., Ichikawa, T., Shima, Y.,
Urabe, I. and Yomo, T. (2006) Functional Qb replicase genetically fusing
essential subunits EF-Ts and EF-Tu with b-subunit. J. Biosci. Bioeng. 101, 421–
426.
[31] Hosoda, K., Matsuura, T., Kita, H., Ichihashi, N., Tsukada, K. and Yomo, T. (2007)
Kinetic analysis of the entire RNA ampliﬁcation process by Qb replicase. J. Biol.
Chem. 282, 15516–15527.
[32] Shimizu, Y., Inoue, A., Tomari, Y., Suzuki, T., Yokogawa, T., Nishikawa, K. and
Ueda, T. (2001) Cell-free translation reconstituted with puriﬁed components.
Nat. Biotechnol. 19, 751–755.
[33] Inokuchi, Y., Kajitani, M. and Hirashima, A. (1994) A study on the function of
the glycine residue in the YGDD motif of the RNA-dependent RNA polymerase
b-subunit from RNA coliphage Qb. J Biochem (Tokyo) 116, 1275–1280.
[34] Mills, D.R., Kramer, F.R. and Spiegelman, S. (1973) Complete nucleotide
sequence of a replicating RNA molecule. Science 180, 916–927.
[35] Shechner, D.M. and Bartel, D.P. (2011) The structural basis of RNA-catalyzed
RNA polymerization. Nat. Struct. Mol. Biol. 18, 1036–1042.
[36] Fuchs, R.T., Grundy, F.J. and Henkin, T.M. (2007) S-adenosylmethionine
directly inhibits binding of 30S ribosomal subunits to the SMK box
translational riboswitch RNA. Proc. Natl. Acad. Sci. U.S.A. 104, 4876–4880.
[37] Jacobson, A.B. (1991) Secondary structure of coliphage Qb RNA analysis by
electron microscopy. J. Mol. Biol. 221, 557–570.
[38] Skripkin, E.A. and Jacobson, A.B. (1993) A two-dimensional model at the
nucleotide level for the central hairpin of coliphage Qb RNA. J. Mol. Biol. 233,
245–260.
[39] Axelrod, V.D., Brown, E., Priano, C. and Mills, D.R. (1991) Coliphage Qb RNA
replication: RNA catalytic for single-strand release. Virology 184, 595–608.
[40] Forster, A.C. and Church, G.M. (2006) Towards synthesis of a minimal cell. Mol.
Syst. Biol. 2.
[41] Melker, P. (1981) Determination of nucleotide sequences of bacteriophage Qb
genome: organization and evolution of RNA virus. Ph.D thesis, University of
Zurich.
